We analyzed the microwave spectra of a sample of 13 solar flares out of 40 events observed by the Nobeyama Radio Polarimeter in the period of August 8, 1998 through November 24, 2001. The solar burst time profiles were filtered to separate the slow component from the fast structures which were associated with the emission from trapped particles and to the emission from the minor precipitating population, respectively. The spectra of both components suggest a trap in a region with a mean magnetic field of about 600 G and a minor emission from the loop legs with a magnetic field of 1100 G, resulting in a mirror ratio of about two. The spectral indices of the optically thin emission from these two regions indicate pitch angle diffusion by Coulomb collisions.
Introduction
Non-thermal electrons are accelerated during solar flares as a consequence of an impulsive energy release. The impulsive phase signatures of solar flares in the microwave and the hard X-rays bands have been intensively analyzed and support the hypothesis of a common origin based on the emitting electron number and emission time profiles (e.g., Kundu 1961; Gary 1985) . Downward/upward electron streams have early been suggested to explain hard X-rays (e.g., Brown 1973; Datlowe & Lin 1973) . Although historically the up or downstream of electrons with continuous or instantaneous injection in a single or multiple steps were first considered in the flare modeling of hard X-rays, the trap plus precipitation model seemed to gain more attention due to its ability to explain a smoother microwave emission time profile. Moreover, the precipitating electrons from the trap incorporate the generally more accepted thick target model for hard X-ray emission (Melrose & Brown 1976) . Thus, the solar flare models seems to favor a trap to explain the microwave emission as opposed to continuous injections (e.g., Takakura & Kai 1966 ) and the trap plus precipitation for hard X-rays (e.g., Melrose & Brown 1976) , with emphasis on the precipitation. However, the uncertainties in the diagnostics still do not allow us to derive any final strong conclusion about this matter.
The trapping time from the collisional particle lifetime can be easily inferred from most of the kinetic equation analysis. In the levels of the solar atmosphere where the hard X-ray/microwave emission originates, the ambient density is in general higher than 10 10 electrons/cm 3 which results in a collisional deflection time greater than 5 s for electron energies higher than 100 keV (e.g., Lin & Johns 1993) . For more typical ambient density in the flaring region, for example 10 11 electrons/cm 3 , the collisional deflection time can be tens of seconds for the range of energy ( ) relevant for microwave emission ( ≥ 100 keV).
The light curves of hard X-ray and microwave emission present temporal features with time scales of about one second or less on top of a gradual bulk emission (Kiplinger et al. 1983; Kaufmann 1978; Correia & Kaufmann 1987) . In the paper of Lin & Johns (1993) , the importance of the inferred impulsive component above 40 keV electrons was 1/6 ( 17%) of the gradual component. From the microwave observations, the fraction of flux in fast (≤1 s) structures in the light curve was measured in the range of 1−50% for frequencies from 5−90 GHz, respectively (Correia & Kaufmann 1987) . In hard X-rays similar pulsed emission with pulses of the order of 50% of the flux intensity and durations of 0.3 to 3 s has been measured and analyzed by Aschwanden et al. (1995) . Thus, the main time scales for these fast structures are seconds or less over bursts with durations longer than tens of seconds and their relative importances are of the order of 50% or less of the total emission.
On the other hand, the good correlation among the different energy bands in X-rays has early presented time delays between the different photon energies (Hoyng et al. 1976; Bai & Ramaty 1979) . Also, hard X-ray emission showed time differences in comparison with the microwave emission (Kaufmann et al. 1982 (Kaufmann et al. , 1983 ) that included time differences among different frequencies in microwaves. Based on the separation of the fast and gradual components of the hard X-ray emission, Aschwanden (1998) has associated the time delays in the fast structures of hard X-rays with the particle time of flight to infer the composition of the trapped and precipitated particles in solar flares.
Many authors have worked on the electron kinetic equation to infer the particle number distribution during solar flares using hard X-rays and/or microwaves in a trap plus precipitation model (Melrose & Brown 1976; MacKinnon et al. 1983; Leach & Petrosian 1981 Lu & Petrosian 1988; Lee & Gary 2000) . The main weakness of such an approach resides in the need to make assumptions for the unknowns such as: source function time profile and duration of the injected electrons, beaming (pitch angle distribution) and the plasma ambient spatial structure such as density and magnetic field. However, using typical time scales, scale heights and homogeneous pitch angle distribution some calculation can be made.
Here we propose an analysis based on the B 2 dependence of gyro-synchrotron emission of the microwave spectra and the separability of the emission of the fast component from the bulk emission of the gradually increasing number of trapped electrons. The spatial difference of the magnetic induction from the top to the foot-point of the field line structure must result in different microwave spectra that can be analyzed to infer the local magnetic field and the non-thermal electrons properties. We used solar flare observations in seven microwave frequencies from the Nobeyama Radio Observatory (NRO) in the period of March, 1998 to December, 2000, resulting in a sample of about 100 flares.
In Sect. 2 we present the data analysis and in Sect. 3 the filter of the slow and fast time components is discussed. The magnetic field is discussed in Sect. 4, whereas the viewing angle of the magnetic loop is presented in Sect. 5. Finally, the spectral analysis and the results are presented in Sects. 6 and 7, respectively.
Data analysis
The Radio Polarimeter of the NRO (NORP) observed 123 events in the period of March, 1998 to December, 2000, in both circular polarization modes. Roughly 30 events presented problems such as missing frequencies, had data interruption or were too noisy to be analyzed. The sensitivity of the NORP radiometers is about 10 sfu. (1 sfu = 10 −22 W m −2 Hz −1 ) for the higher frequencies (Nakajima et al. 1985) and better for the lower ones. For the separation of the fast and slow components, we typically needed events with flux densities higher than 30 sfu for the majority of the observed frequencies due to the relative weakness of the fast component, which is ≤50% of the instantaneous flux density (e.g., Correia & Kaufmann 1987) . This flux density limitation and some further considerations on the spectral fit decreased our sample to 40 possible events.
Our expectation for the two components is to reveal two different scenarios from the inferred source parameters. The association of the fast component with a different region is a consequence of analyzing the electrons escaping from the trap and thereby reaching regions outside the trapped volume. Time differences in the emission signatures reflect mostly the time scale of the time of flight and/or diffusion time (precipitation or particle loss). Precipitating particles are those with pitch angles in the loss cone. The loss cone angle is the minimum pitch angle an electron has to have in order to be reflected back to the trapping volume (Melrose & Brown 1976) , i.e., with lower pitch angle the electron reaches the higher density levels were it loses most of its energy collisionally. Electrons with energy in the range of relevance for microwave emission (≈100 keV or higher) in the loss cone (any reasonable loss cone below 50
• ) would have a time of flight (time to travel throughout the loop length) of about one second or less (e.g., Aschwanden 1998). Thus, independent of their energy, the precipitating electrons produce microwave emission with fast time scales in comparison to trap times that are of the order of tens of seconds or more. The same idea may be applied even for the electrons that do not bypass the trapping with direct flight from the acceleration site to the foot-point, but reflect backwards to the trapping region and have their pitch angle diffused into the loss cone in showers on a time scale shorter than the full trapping time. Studying hard X-ray pulses in the range of 0.3−3 s, Aschwanden et al. (1995) showed that the pulse durations were independent of their energy. This favored causes due to acceleration properties of the pulse instead of trapping properties. Trap times are another typical unknown, but collisional pitch angle diffusion has been explored in trap plus precipitation models (e.g., Lin & Johns 1993; Aschwanden 1998) . Collisional pitch angle diffusion occurs at a rate of twice the rate of collisional energy loss (Trubnikov 1965) . Thus, the trap time is of the order of tens of seconds for typical ambient densities (≈10 11 electrons cm −3 ) and energy of microwave-emitting electrons (≈100 keV or higher). If one has to use a trap to model the microwave emission, the trap time from single or multiple injections should be able to explain the flare duration itself. This duration is typically much longer than the fast structure time scales. This difference in the time scales of both components is important to allow their separation.
In order to use a filter to separate both components of the observed total flux density, we had to assume from our discussion above that the precipitating electrons do not contribute much to the total emission during the upper atmospheric part of the electron flight. Due to the strong dependence of the gyrosynchrotron emission on the magnetic field this should be a good first order approximation.
Flare images at 17 and 34 GHz from the Nobeyama Radioheliograph are also used in Sect. 5 to determine the loop footpoint orientation. While these images clearly distinguish between the footpoint and looptop emissions spatially, they cannot be used to construct spectra, which can only be done with the spatially integrated flux densities (the light curves) at the seven frequencies measured by the Nobeyama Radio Polarimeters.
We note that the optically thick emission from the higher atmosphere (looptop) would cover most of the emission from below. However, most of our analysis here is based on the spectrum peak frequency, at which neither looptop nor footpoints should have a large optical depth. Thus, only a qualitative analysis of the spectral index of the optically thick part of the spectrum can be done. However, the condition is less restrictive because looking from the top the lower magnetic fields (looptop) would result in a transition frequency from optically thick to thin emission lower than the transition for higher magnetic fields (footpoints), and this will not prevent us from seeing optically thick emission from the footpoints.
Filter
The larger the differences in time scale of the components, the easier the separation for a digital filter. However, as discussed in Costa et al. (1990) , due to the combination of the emissions from the trap and the precipitation regions, the running mean is a better representation of the slow component in order to preserve the original peak times. The problem with the standard running mean is that the filtered (smoothed) component is at the mean of the original signal, thus implying negative values for the fast component. To remove this inconsistency we applied a modification suggested by Raulin et al. (1991) . There, the running mean intensity is computed over a specified time interval (τ) and for each interval the minimum between the original signal and the mean value is taken. This procedure is iterative and re-scales the running mean result, searching for the minimum in other time scales larger than the specified interval (τ) up to 5τ. The method preserves the characteristics of the running mean filter and scales the smoothed component to be lower than the majority of the local minima of the structured original light curve. The fast component is then obtained by subtracting the gradual component from the original signal. We applied this modified running mean (MRM) in a simple numerical test as shown in the example in Fig. 1 . The cutoff period (τ) is the number of elements in the modified running mean which were used to separate both components. In this figure we show three cutoffs in panels b, c and d where the mean error (differences divided by the maximum amplitude in percents) are (15, −21%), (1, −2%) and (−7, 10%) for (gradual, fast) components, respectively. The negative/positive values are for underestimation/overestimation, respectively. In Fig. 1d we clearly see the gradual component also being smoothed. The main concern in the separation of the two components is to identify the cutoff time scale (τ) that recovers the original amplitude of both components. In the test shown the highly structured component has only periods shorter than 30 samples and the gradual component has a half maximum duration of 200 samples. Thus, the optimum cutoff period should be found in 30 ≤ τ ≤ 200 samples. We can see from our example in Fig. 1c a reasonable separation at τ ≈ 30 samples, whereas for τ = 5 and 40 the fast amplitude degrades to wrong values. In our burst sample we expect a more complex composition of the fast and slow components. This is mainly because the time scales of the gradual and fast components may not be very different and also because the scales are certainly dependent on the electron energy, resulting in time delays. Energy-dependent (or frequencydependent) time delays may be a property of the accelerator or due to the time of flight of the particles. To partially overcome possible difficulties with the time delays of frequencies being different we took the sum of the maximum cross-correlation coefficients of a reference channel with the other channels, independent of the time lag. Varying the cutoff period τ from 0.2 s to 4 s we searched for the period where the sum of the maximum cross-correlation coefficients (C T ) ceases to increase. Roughly, this occurs when the growth rate decreases to one third of its maximum. We do not expect that this solution is unique; however, the cutoff τ was always limited to the discussed range and we will look for tendencies in our results that are statistically well defined. In our sample of events we found 40 solar flares with amplitude of both components strong enough to construct the gyro-synchrotron spectra. Some of the bursts with very short duration had τ out of this range, as shown in Table 1 . The name of the bursts contains the year (y), month (m), day (d), hour (h), minute (m) of the event with the format: norpyyyymmdd_hhmm. As an example, we plotted in Fig. 2 the burst of April 8, 2000, at 02:38 UT with the gradual and fast components separated by the MRM filter with τ = 2.9 s, as given in Table 1 . We can see in the 17 GHz emission (spectrum peak) two main structures in the fast component that is also present in all frequencies above 1 GHz. The spectra of these fast and gradual components are shown in Fig. 3 for the two main peaks of the fast components during the rise and peak times of this burst.
Inferred magnetic fields
The magnetic induction present in the flare region can be inferred from the spectrum peak (e.g., Dulk & Marsh 1982) . For a homogeneous magnetic field, the spectrum peak is well defined and may be used for the inference of the field induction whenever we know the other source parameters that are also important for the peak frequency (see discussion in Stäli et al. 1989 ). However, the peak frequency depends more strongly on the magnetic induction and has been widely used to make magnetic field inferences.
A non-homogeneous magnetic field may broaden the spectrum mainly due to changes in the optically thick spectral index (Klein et al. 1986 ). Thus, for non-homogeneous magnetic fields the inferred induction may be interpreted as an effective value when the observation is fit, for example, by the four parameter function given by Stäli et al. (1989) . Simple formulas are given for the gyro-synchrotron spectral peak in Dulk & Marsh (1982) where the peak is derived for an opacity equal to one. This simplification causes the peak to be uncertain mostly for the cases where the optically thin spectral index is low. Also, Dulk's equations are not applicable for a spectral peak Fig. 3 . Spectra of the gradual (top two graphics) and fast (two graphics in the middle) components at the peak of the two main fast structures on flare of 08 of April of 2000. On top of each spectrum is given the spectral indices of optically thick regime (α k ) and optically thin (α n ) and the spectrum peak frequency (ν p ). The two bottom plots are the flux density of the fast component at 17 GHz and the vertical bars indicate the times the spectra were taken.
occurring below the tenth harmonic number of the electron gyro-frequency which excludes most of flares in our analysis here. For example, for magnetic fields of the order of 500 Gauss the tenth harmonic of the gyro-frequency is higher than 14 GHz, i.e., higher than the typical spectrum peak frequency (e.g., Stäli et al. 1989 ).
In our analysis we used Ramaty's code (Ramaty 1969 ) to search for the magnetic field that matches the observed peak. However, we have also developed a simple expression to determine this magnetic field from the spectral peak frequency as given by the spectrum least square fit instead of opacity equal to one. This expression was only necessary to make our analysis more recurrent because the observed spectra generally present optically thick spectral indices below those predicted by the non-thermal emission theory (e.g., Dulk & Marsh 1982) and/or some unmatched spectral broadening. Both spectral characteristics are due to a non-homogeneous magnetic field (e.g., Klein et al. 1986 ). Our equation differs slightly from the opacity equal to one approximation given by Dulk & Marsh (1982) . To calculate the emission and self-absorption gyro-synchrotron coefficients we used Ramaty's code and fit the calculated flux densities by the four parameter function given by Stäli et al. (1989) . The flux densities were calculated supposing a homogeneous cylindrical source at one astronomical unit distance with source size (Ω) ranging from 10 to 20 arcsec wide (although the peak frequency does not depend on Ω). The non-thermal electron energy spectrum is supposed to be a single power law with a spectral index δ in the energy ( ) range of 10 keV ≤ ≤ 10 MeV. The total flux density (the sum of both propagation modes) spectrum is calculated using Ramaty's code for five free parameters: the magnetic field (B 2 in 100 Gauss), the source size in the line of sight (L 9 in billions of cm), the viewing angle (θ), the spectral index (δ) of the electron energy distribution and the non-thermal electron number density (n 6 in millions of cm −3 ).
The errors involved in our Eq. (1) are in general below 20% and is discussed in Costa & Rosal (2004) .
Viewing angle
One important parameter for the gyro-synchrotron emission is the viewing angle of the magnetic field lines. It has been shown by the EUV instruments on board the TRACE and SOHO satellites that the field lines in active regions can vary from a simple loop to a complex tunnel of magnetic arcs. To overcome the difficulties in determining the viewing angle, we searched for the geometric conditions to minimize the viewing angle dependence. Let us assume a simple magnetic loop as shown in Fig. 4 . For a simple magnetic loop, the legs can be assumed as vertical bars and the loop-top as a horizontal bar which will be called a square loop. This simplification only assumes that the bars are averaged directions of the field lines associated with each region: the loop legs and the loop-top. In our schematic figure, the φ angle is an unknown that introduces a complication for all the flares in our sample. The problem becomes worse if the flare involves a complex system of loops with unknown directions. The averaged direction of the loop-top or loop-legs is unlikely to result in a valid measurement. The viewing angle for the legs of a square loop at a heliographic latitude (lat) and longitude (long) with a loop alignment angle with respect to the equator, φ, (see Fig. 4 ) can be found from spherical trigonometry as
and for the loop top as
where (2) and (3) we can derive the uncertainties in the viewing angle (for the top and legs) when varying the loop alignment to the equator (φ) by 90
• . It is easy to see that a square loop at the Sun center has a viewing angle of 90
• for the top and 0
• for the legs, independently of φ. Thus, we searched for the range of solar longitudes which kept the error in the inferred magnetic field below 20%. This range was found to be −30 0 ≤ long ≤ 30 0 . Thus, we can say that for this range of heliographic coordinates even a complex distribution of simple magnetic loops cannot influence much the viewing angle of loop legs or loop tops. We set an averaged φ angle inferred from the observed elongation of the 17 GHz and 34 GHz sources in NRO synthesized maps for the whole sample of 40 bursts. However, 13 events are in the range of central longitudes and were selected to have their spectra analyzed first.
Spectral analysis
The 13 events selected by the lower than 30
• longitude were filtered by the MRM to separate the low and fast component. Then, their spectra were fit with the four parameter function (Stäli et al. 1989 ), similar to the example shown in Fig. 3 . To decrease the error in the spectra-fit, mainly due to errors in the fast component that is always very faint, we averaged the flux densities by seven samples (0.7 s). The flux densities at 80 GHz, when available, were averaged up to τ/2.
The fits yield the peak frequency (ν p ) and the electron spectral index (δ) inferred from the optically thin spectral index, α thin , (e.g., Dulk & Marsh 1982) . For the optically thin part of the microwave spectrum we estimate the uncertainty (σ α_thin ) in the inferred spectral index by the use of the general theory of error propagation applied to the power law least squares fit (Press et al. 1992) . Due to the small number of frequencies in the optically thin region, we included the spectral peak frequency in the calculation of the σ α_thin but with a large uncertainty corresponding to the difference between the fitted power law and the measured flux. However, we emphasize that the large errors involved at 80 GHz due to a low signal to noise ratio and background uncertainties imply that the optically thin spectral index should be analyzed with care. The 80 GHz data does not much change the spectral peak because in all fits we had the peak below 35 GHz.
The viewing angle was calculated using Eqs. (2) and (3) with a φ angle inferred as discussed in the previous section, but it cannot influence the magnetic field much for bursts near the disk center. For the source area (Ω) and depth within the line of sight (L), we assume typical numbers such as 10 18 cm 2 and 10 9 cm, respectively. We emphasize that Ω does not influence the gyro-synchrotron peak frequency. For the number density of the non-thermal electrons (n) we assume a common electron population emitting microwave and hard X-rays in a first order approximation to determine n from HXT data (from YOHKOH satellite). We applied the thick target model (Brown 1971) to hard X-ray spectra for 7 events from our sample of 13. Following the formalism described in Tandberg-Hanssen & Emslie (1988), we assume a photon power law spectrum with a lower energy cutoff of 20 keV and a hard X-ray source size of 10 8 cm. The electron number densities were calculated for the flare peaks using the HXT energy bands M 1 : 23−33 keV and M 2 : 33−53 keV and are presented in Table 2 . For the other 6 events the density was assumed to be the mean value of the bursts in Table 2 , i.e., n 6 = 60 cm −3 .
Results and discussion
The inferred spectral index and magnetic field were obtained; the results are shown in Table 3 . The table contains the average of the parameters for the three main pulse structures in each flare weighted by the inverse of the standard deviation of each parameter. In this table we can observe that the spectral index δ is higher for the fast component (loop-leg) in 9 out of 13 cases, mean values being δ top = 3.3 ± 0.1 for the loop-top and δ foot = 4.1 ± 0.1 for the loop-legs. The magnetic fields are also higher in the loop-legs, as expected, with mean values of B top = 600 Gauss for the loop-top and B foot = 1060 Gauss for the loop-legs, giving a mirror ratio of 1.8. The harder spectra (on average) at the loop-top favors the hypothesis of Coulomb diffusion of the electron pitch angle in the trap. Electrons with higher energies are trapped for longer periods than the slow electrons and consequently are depleted from the loop-legs (e.g., Lee & Gary 2000) . This result is not in disagreement with Silva et al. (2000) measurements from X rays and microwave spectra. They found that, in general, the electronic spectrum is harder for the high energy range (as inferred from microwaves) than for the lower energy range (as inferred from hard X rays). Here, we found a spatial hardening in the direction of the loop top from the hypothesis of a single power law that also should work for any other shape of spectrum. The magnetic fields for the loop-top are typical of most of the analysis in the literature with the exception of bursts number 11 and 40. The number density for burst 40 was not inferred from X-rays and may be underestimated. This burst is the second most intense burst in our sample. However, burst number 11 has an electronic spectral index inferred from X rays much higher than the same from microwaves and we consider it not appropriate for the analysis. For the loop-legs the magnetic fields are higher but consistent with the expectation. The magnetic field intensity should not be considered as too high because this is the first time that we consider the spectrum of the fast structures only. The fast structures are only a small part of the total flux density and cannot modify the bulk spectra. Kai et al. (1985) correlate the fast structures at 17 GHz with X-rays and concluded that the magnetic field must be higher than the typical values used in the literature. Also, the mirror ratio found here is similar to other analyses found in the literature (e.g., Aschwanden et al. 1999) . For the whole sample of bursts, assuming the main orientation of the loop with a defined alignment according to our inference from the image elongation in the synthesized NRO maps, δ top = 3.2 ± 0.1, δ foot = 4.0 ± 0.1, B top = 580 Gauss and B foot = 940 Gauss. These figures confirm the results from the central bursts. The second column has the cutoff period in seconds and the third, fourth columns are the flare duration and the spectrum peak flux density, respectively.
